This paper deals with the kinetic and isotherm studies of manganese ion removal by zeolite X and its hierarchically porous composites as ion-exchange materials. A hydrothermal treatment was applied to grow a layer of zeolite X over diatomite and carbon surfaces. The hierarchically porous composites used for Mn 2+ ion removal showed higher ion-exchange capacity when compared to pure zeolite X under same conditions. A thermodynamic study of the rate of ion-exchange revealed that the intra-particle diffusion rate constant of zeolite X/carbon and zeolite X/diatomite was higher than that of pure zeolite X indicating that the intra-particle diffusion was enhanced when zeolite was prepared in form of hierarchically porous composites. The study showed that the thickness of boundary film of zeolite X/carbon and zeolite X/diatomite was less than that of pure zeolite X indicating ion diffusion resistance to the active sites was reduced when the composites were utilised. The experimental data showed good agreement with Freundlich model. The calculated thermodynamic parameters such as ΔG°, ΔH° and ΔS° indicated the ion-exchange process of Mn 2+ ion by zeolite X and its composites was spontaneous, endothermic and the randomness increased at the liquid/solid interface under the conditions studied. The results of kinetic study showed that the ion-exchange of Mn 2+ ion by zeolite X and its composites followed a pseudo second order
kinetic model indicating Mn
2+ ion removal is a chemical reaction related to valence forces.
The encapsulation of Mn 2+ ion was successfully achieved by vitrification and geopolymerization processes demonstrating the efficacy of both processes for environmental management.
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1.Introduction
Zeolites are microporous aluminosilicate crystalline minerals with exchangeable cations having important functions as adsorbents, ion-exchangers or catalysts in many chemical and petrochemical industries and water treatment applications [1, 2] . This important role is due to zeolite's unique properties of high surface area, uniform porosity, shape selectivity, high ionexchange capacity, strong Brønsted acidity and high (hydro)thermal stability. However, utilization of powdered zeolites for the industrial applications is often limited because of diffusion and access problems arising from the small zeolites pore size ranging of 0.3-1 nm which is similar to the dimensions of molecules [3, 4] . The poor diffusion of relatively large reactant molecules or ions to the active sites present in the zeolite micropores may lead to the underutilization of the available zeolite internal surface area and volume, frequent blocking of the diffusion path and rapid zeolites deactivation [3, 5] . The catalysis and uptake activity of zeolite is related to both the length of diffusion path and the diffusion coefficient. A shorter diffusion path length increases the diffusion coefficient and thus creates higher intrinsic zeolite activity [6] . To cope with drawbacks resulting from zeolite microporosity, great efforts have been dedicated to reduce the intracrystalline diffusion path length by preparing zeolites with a hierarchically porous structure [4, 7] . Hierarchically porous zeolite can reduce or eliminate the undesired diffusion limitations of the reaction rate by offering shorter diffusion paths for reactant and product molecules inside the pores [8] .
Hierarchical structure zeolite advantages come from the presence of micropores and mesopores/macropores [4] . With hierarchical zeolites, the meso-or macropores facilitate the access of bulky reactant molecules to the zeolite active sites in the micropores [3] .
Hierarchical zeolites can be obtained by preparing mesoporous zeolites by post-synthesis modification (dealumination, desilication [9] ) or removing a template which is introduced during synthesis [4, 10, 11] or by preparing hierarchical zeolite composites [12] . Making the hierarchical zeolite composite materials is an effective approach because it does not require complicated steps relative to other synthesis routes. The key focus of this approach is finding a cheap and available porous support and achieving a homogeneous and permanent zeolite crystals coating the support surface.
Hierarchical zeolite composites are commonly prepared using a hydrothermal treatment to grow a zeolite layer onto a porous support [9, [13] [14] [15] [16] ; or using a layer by layer approach which involves coating the support with zeolite crystals which have been previously prepared [17] [18] [19] . In the case of growing zeolite crystals on a porous support, it is important to generate nucleation sites on the porous support before mixing with zeolite gel and crystallization. Many types of porous support have been used to generate zeolite composites such as alumina [20, 21] , steel [22, 23] , carbon [13, 19] , polymers [24] and diatomite [9, 25] .
Porous carbons can be obtained from thermal treatment of available natural waste rich in carbon. Diatomite, diatomaceous earth or kieselguhr, is a low-density unicellular algae consisting of amorphous hydrated silica [9] . Diatomite has interesting properties of inherent macroporous structure, abundance and comparatively inexpensiveness [18] . The optimum performance of zeolites for different applications can be achieved by tailoring hierarchical water, it can cause hallucinations, nerve damage, lung embolism, bronchitis, schizophrenia, permanent disability, paralysis and tumours [35, 36] .
Different technologies have been used to treat wastewater such as adsorption, electro floatation, evaporation, precipitation, coagulation, reverse osmosis, membrane separation, ion-exchange and liquid extraction [28, 37, 38] . However, most of these treatments are expensive, generate waste sludge and are not efficient in treating low concentrations of contaminants. Adsorption and ion-exchange approaches are the simplest and most effective methods to remove harmful elements. The effectiveness of these techniques depends on the efficiency of the adsorbent or/and ion-exchanger in uptaking the pollutant. Adsorbents can be activated carbon, biomaterials, clay minerals, zeolites or solid wastes resulting from some industries [26] . The ion-exchange process is a reversible ion-exchange reaction which happens when the ion-exchanger solid is equilibrated with an electrolyte solution having similar charge ions. Commercial ion-exchangers generally contain zeolites or resins.
Ion-exchange efficiently removes ions but it results in a harmful solid which when disposed of can lead to escaping of ions back into the environment. Therefore, solidification/stabilization technology has been widely used to treat contaminated solid waste because it has the merits of high resistance to biodegradation, ease of use, and it is comparatively inexpensive and stable [39] . Encapsulation of the harmful components inside a solid material can be conducted either by vitrification or geopolymerization.
Vitrification involves trapping inorganic wastes at elevated temperatures in a silicate melt provided by glass-forming materials. Vitrification generates solid materials possessing outstanding long-term chemical stability, the possibility of immobilizing relatively large amounts of heavy metal ions and a significant reduction of the waste volume [40, 41] .
Geopolymerization has been used to immobilize toxic metals due to the containment of the structure of the ion-exchanger by the geopolymer on solidification [42] . The geopolymerization process involves a rapid chemical reaction at ambient or slightly higher temperature under alkaline conditions to activate the Si and Al minerals and results in a three dimensional polymeric chain and ring structure consisting of Si-O-Al-O bonds [43, 44] .
This study investigates the performance of hierarchical zeolite X composites in the removal of manganese ion from aqueous solution by ion-exchange process in comparison with pure zeolites X. Different parameters were investigated to explore the ion-exchange behaviour for the removal of manganese ions involving: contact time, initial ion concentration, pH of solution and temperature of solution. In addition, the equilibrium isotherm models, ion-exchange kinetics and thermodynamic parameters were comprehensively investigated to understand the behaviour and mechanism of the process.
Finally, encapsulation of manganese ion was explored by vitrification and geopolymerization.
Methodology

Preparation of ion-exchange materials
Zeolite X was prepared based on the standard published synthesis [45] [46] [47] . The formula of zeolite X gel used for this work is [47] Before adding the porous support to the zeolite gel, both diatomite and carbon were exposed to ultrasonication for 6 h in the presence of a suspension of zeolite X nanoparticles (support: suspension nanoparticles weight ratio was 15:1 [14] ). After ultrasonication, diatomite and carbon were filtered, washed and dried overnight at 50-70°C. A weight of support equal to five times weight of silica present in the silica source was added to the aged gel and mixed for 15 minutes. After that, the resultant mixture were put in Teflon-lined autoclaves and heated in an oven at 100°C. The crystallization time of the composite materials was increased to avoid partially crystallized products. Therefore, zeolite X/diatomite sample was crystallized for 24 h. While, zeolite X/carbon sample was crystallized for 8 h. After that, the produced composites were filtered, washed, dried and characterized by XRD, SEM, EDAX, Nitrogen adsorption/desorption isotherms and TGA (for zeolite X/carbon composite).
Ion-exchange experiments
A study of manganese ion removal by zeolite X, composite zeolite X/carbon and zeolite X/ diatomite was performed in batch reactors under continuous stirring. Manganese nitrate tetrahydrate (purity of ≥ 97%, Sigma-Aldrich) was utilized to prepare Mn 2+ ion solutions. To study the effect of contact time and identify the equilibrium time, 0.2 g of ion-exchange material was left in contact with 100 ml of solution (300 ppm initial ion concentration) under mixing for 24 h. To investigate the efficacy of the ion-exchange materials, different doses of media of 0.2, 0.5, 0.8 and 1 g was added to 100 ml of 300 ppm ions solution. For the effect of initial ion concentration and ion-exchange isotherm studies, a series of 125 ml tubes was used, each tube containing a fixed weight of ion-exchange material (0.2 g) was filled with 100 ml of ion solution (50-700 ppm) and shaken for 4 h at room temperature. The manganese solutions were colourless. The thermodynamic studies and temperature effect on the ionexchange process were performed at different temperatures of 12, 30 and 50ºC (weight of ion-exchangers of 0.2 g, the initial ion concentration of 300 ppm and solution volume of 100 ml). All these studies were conducted at a pH which was given by the initial ion concentration without modification. However to study the effect of the pH of the solution on the performance of ion-exchange materials, the pH of the solutions were changed using HCl (conc. 31.5-33%, BDH laboratory) and NaOH (NaOH pellets 99.9%wt, Fisher Scientific). 0.2 g of carbon support was added to 100 ml of 300 ppm manganese solution to check whether carbon give an ion-exchange capacity for Mn 2+ ion.
For each run and before adding the ion-exchange materials, 1 ml of the solution present in each tube was taken to measure the initial ion concentration. After which, samples were taken periodically every 1 h to determine the remaining concentration of manganese in the solution by ICP-OES.
Solidification of the spent zeolite
The solidification of the ion-exchange materials containing manganese ions was performed by vitrification and geopolymer. Geopolymers used for this study were made of two different raw materials namely kaolin and fly ash. Leaching of manganese ion from the solidified products was evaluated using NaCl solution and H 2 SO 4 solution.
Vitrification
Encapsulation of manganese ions (manganese boiling point of 2061°C) was carried out by heating the used ion-exchange materials up to 1200°C (heating rate 5ºC) for 2 h at which temperature the zeolite turns to glass a product. The sample weight of the spent materials was measured before and after thermal treatment. The produced solids were then left in contact with 30 ml of deionized water and 30 ml of 0.1 M NaCl solution. The concentration of manganese ion leached to solutions was measured by ICP-OES after 1 month and 6 months.
0.1 M NaCl solution was prepared from sodium chloride (99.5%, BDH laboratory). NaCl was used in this study because it is strong in the striping of ions from ion-exchangers.
Geopolymerization
The geopolymers were prepared according to standard literature procedures [44, 48, 49] using alkaline solution to activate the geopolymer raw materials. The geopolymer raw materials used here were kaolin (WBB minerals, UK origin) and fly ash (Cemex, 450-S). The elemental analysis of both kaolin and fly-ash given by EDAX analysis is shown in Table 1 .
Solidification by geopolymers was accomplished by mixing 2.5 ml of NaOH solution (10 M) with 0.5 ml of sodium silicate solution for 15 min to obtain an activator solution. A homogeneous mixture of 0.25 g of manganese-bearing materials and 2.5 g of kaolin was obtained by hand-mixing for 10 min. 5 g of fly ash was mixed with 0.25 g of manganesebearing materials when fly ash was used to prepare the geopolymer. 2 g of both raw materials were used in the case geopolymer prepared with this ratio 50% kaolin:50% fly ash. The solid mixture was mixed with 2.5 ml of the activator solution for 15 min at room temperature and then poured into a cast mould.
The curing process of samples was performed at 70°C for 24 h followed by 7 days at room temperature. After that, the resulting samples were left in contact with water, 0. 
Analytical techniques
The characterization for zeolite and composite samples by XRD was performed on a Miniflex 
Results and discussion
Characterization of zeolite and composites
The XRD patterns of the prepared samples are shown in Figure 1 to demonstrate the structure and purity of the zeolite phase. Fully crystallized zeolite X (X) was prepared by hydrothermal treatment. Hence, the XRD pattern of the prepared sample is identical to the commercial zeolite X. Also, both zeolite X/carbon (XC) and zeolite X/diatomite (XD) gave similar pattern to the pattern of pure form zeolite X. The matching between composites pattern and pure form zeolite indicates that the presence of a solid porous support does not affect crystallization of the required phase or the phase purity. These results confirm that hydrothermal treatment is effective method for preparing zeolite composites with uniform coating of fully crystallized crystals. The EDAX results are presented in Figure 3a -2, b-2 and c-2 and the percentage of each element consists zeolite and composites structure are presented in Table 2 and they indicate that the Si/Al ratio was 1.35
for zeolite X and 1.4 for zeolite X/carbon composite. While, zeolite X/diatomite composite gave higher ratio than those because diatomite skeleton is formed of silica. During TGA analysis, the X/carbon composite was heated to 900°C in air atmosphere. The TGA results shown in Figure 4 give the percentage of zeolite X present in zeolite X/carbon composite is ~ 23.91%. The purpose of doing TGA for zeolite X/carbon composite is to obtain the percentage of zeolite X present in the zeolite X/carbon composite which is the responsible of the ion-exchange. The structure properties such as BET surface area, pore volume and mesopore volume of zeolite X and zeolite X composites are shown in 
Manganese ion-exchange study
The results will be presented in this section in form of ion-exchange capacity (q) which was calculated according to the following equation:
Where q (mg/g) is the amount of ion exchanged per mass of ion-exchange material W (g), V
(l) is the solution volume, C o and C t are the concentrations of ion in solution (mg/l) at t = 0 and t = t (h) respectively. At equilibrium time, C eq is the equilibrium ion concentration and q eq is the ion-exchange capacity at equilibrium. Figure 5 shows the effect of contact time on Mn 2+ ion removal from aqueous solutions. The carbon support prepared from date stones show no significant ion-exchange capacity when it was used to remove Mn 2+ ion. Generally, Mn 2+ ion uptake by the zeolitic materials used increased rapidly with increasing of the contact time, after that it increased gradually until reach to the equilibrium time. This is because, at the beginning, the ion-exchange sites on the zeolites surface, which contain exchangeable cations (Na The ion-exchange capacity of the ion-exchange materials showed the following order:
Effect of contact time
X > XD > XC. Both XC and XD composites showed lower ion-exchange capacity than X because XC contains 23.91% zeolite X according to TGA results and XD contains 24.79%
zeolite X according to BET method results. Therefore, the performance of composites for ion-exchange with manganese ion is due to this percentage of zeolite in the composites. The ion-exchange capacity calculated based on the real weight of zeolite used is in the order: XD > XC > X. The pH of manganese solutions before ion-exchange was ~ 4.14. But, it was ranging of 6.3-7.5 after ion-exchange due to changing ionic composition of the zeolite. 
Initial ion concentration
The influence of initial ion concentration on the ion-exchange process of Mn 2+ ion is shown in Figure 7 . It can be seen that the value of q gradually increased with increasing the initial manganese concentration. For a fixed weight of ion-exchange material, the amount of ions removed per gram of ion-exchange material increased with increasing the initial ion concentration. This is due to increasing the number of ions competing for the same number of ion-exchange sites present in a certain weight of ion-exchange material. Increasing initial manganese concentration leads to increase the concentration gradient which is the driving force for mass transfer and motivate the ion-exchange process.
The pH of manganese solutions was measured before ion-exchange process being conducted as shown in Table 5 . It can be seen that the pH of manganese solutions decreases with increasing manganese concentration i.e. manganese solutions become more acidic at high manganese concentration. This fact explains why there is no sharp increasing in the q value with increasing the initial manganese concentration. Figure 8 shows the ion-exchange capacity of ion-exchange materials against pH of manganese solution. The pH solution is an effective parameter on the ion-exchange process.
Solution pH
This is because pH is linked to hydrogen ions which compete with metal ions for actives sites during ion-exchange process. Also, it affects the zeolites structure. The results shown in Figure 8 showed that of the amount of manganese ions exchanged per unit mass of ionexchange material increased with raising the pH of solution. This is because of reduction of the concentration of H + in the alkaline medium which competes with manganese ions for the zeolitic cations. Moreover, reducing of solution pH causing of collapse of zeolite structure and reduces the number of ion-exchange sites present within the zeolite structure. Where, a reduction in the peak height was noticed when XRD was conducted for the zeolitic materials used for experiment conducted at pH = 2. The pH of manganese solution cannot be increased more than ~ 6.5 because of manganese ion precipitation. 
Temperature of solution
The results describing the effect of temperature on the manganese ions removal from aqueous solution are shown in Figure 9 . The amount of manganese ion removed per a certain mass of ion-exchange material increased with increasing temperature to ~ 50°C. This is because the rate of intra-particle diffusion of manganese ions is enhanced by increasing temperature of solution [50] . The diffusing species and the zeolite framework are electrically charged, therefore the rate of diffusion depends on temperature [51] . That means that ion-exchange process of manganese ion is an endothermic process. Temperature is related to the thermodynamic parameters namely free energy of ion-exchange (ΔGº), enthalpy (ΔHº) and entropy (ΔSº). Thus, it is an important to investigate the influence of temperature on the ionexchange process. Evaluating the free energy change (∆Gº) determines the spontaneous behaviour of the ion-exchange process [31, 52] . The endothermic nature of the ion-exchange process is determined by calculating the enthalpy of reaction (∆Hº). While, the randomness (degree of disorder resulting from exchanging of ions) at the solid/solution interface is determined by estimating the entropy (∆Sº) [53] . The thermodynamic parameters were calculated using the distribution coefficient (K d ml/g) expressed by Equation 2 at different temperature.
The Gibbs free energy change of the ion-exchange process was calculated using Equation 3:
The values of ∆Gº (kJ/mol) were calculated at different temperatures using the values of the distribution coefficient [30, 53] . The Gibbs free energy change is related to the enthalpy (∆Hº) and the entropy (∆Sº) at any temperature using The values of ∆Hº (kJ/mol) and ∆Sº (kJ/mol.K) were calculated by plotting of ln Kd against 1/T [30, [54] [55] [56] [57] . Table 6 Since, more of Mn 2+ ions replace the zeolites cations leads to more randomness in the system. 
Equilibrium isotherm models
Conducting the equilibrium isotherm study is essential to calculate the maximum ionexchange capacity and to optimize the ion-exchange process design. Ion-exchange isotherm model generally relates the mass of ion-exchange material with equilibrium concentration of ions in the solution at constant temperature [31, 53] . The experimental data were fitted with Langmuir isotherm model, Freundlich isotherm model and Dubinin-Radushkevich (D-R) isotherm model [50] . The correlation factor (R 2 ) was used to indicate the validity of the model to the experimental data. The highest value of R 2 indicates a better fit of the model to the experimental data.
The Langmuir isotherm model assumes a monolayer coverage occurs at identical sites with homogeneous energy [28, 58, 59] . The linear form of Langmuir isotherm equation is expressed as [60] : 
Where q eq (mg/g) is the amount of ion removed per a unit mass of ion-exchange material, C eq (mg/l) is the equilibrium concentration of ion, q m (mg/g) is Langmuir constant and it is the ultimate possible ion-exchange capacity and K L (l/mg) is Langmuir constant representing the free energy of ion-exchange corresponds to the affinity between the ion and the surface of the ion-exchanger, respectively [61, 62] . The values of q m and K L were obtained by plotting q eq /C eq against q eq , see Figure 11 . The Freundlich isotherm model assumes the uptake occurs at a multilayer sites with heterogeneous energy [63, 64] . The linear form of Freundlich isotherm model is expressed as:
Where K f (mg/g) is the Freundlich constant correlated with the ion-exchange capacity, and 1/n (unit less) is the Freundlich constant correlated with the intensity of the reaction and energy heterogeneity [61] . The values of K f and 1/n were obtained by plotting ln q eq against ln C eq , see Figure 12 .
Dubinin-Radushkevitch (D-R) isotherm model can be used to explain both the adsorption on homogenous surfaces and on heterogeneous surfaces [61, 63] . The linear form of the D-R isotherm is expressed as [28, 61] :
Where X m (mg/g) is the maximum ion-exchange capacity, K (mol 2 /kJ 2 ) is a constant associated to the ion-exchange energy, Ɛ (kJ/mol) is the Polanyi potential, R (8.314
kJ/kmol.K) is gas law constant and T (K) is the absolute temperature [61, 65] . The values of X m and K were calculated by plotting ln q eq against Ɛ 2 , see Figure 13 .
The calculated values of Langmuir isotherm constants, Freundlich isotherm constants, D-R isotherm constants and R 2 are presented in Table 7 . Freundlich isotherm model was best fit to the experimental data. Freundlich isotherm model gave the highest correlation coefficients (R 2 ) in comparison with Langmuir and D-R. This result indicates heterogeneous ion-exchange sites on the surface of ion-exchange materials. The numerical value 1/n was < 1 which indicates high heterogeneous surface and high ion-exchange intensity at high ion concentrations. 
Kinetic models of ion-exchange
Investigating of the rate of ion-exchange is an important to obtain kinetic parameters which are necessary for modelling and design the processes. The ion-exchange kinetics were investigated using pseudo first order and pseudo second order rate models [31, 50] .
The integrated form of pseudo first order rate equation is given as:
log (q eq -q t ) = log q eq -(K 1 /2.303)t Equation 10 Where q t (mg/g) ion-exchange capacity at any time t (min) and K 1 (min -1 ) is the pseudo first order rate constant of the reaction. The values of K 1 and q eq were calculated by plotting of log (q eq − q t ) against t [27, 66] .
The pseudo second order model is typically used to correlate the experimental kinetic data when a chemical exchange, which involves valence forces by sharing or electrons exchange between solute and the ion-exchange material, determines the rate of a reaction [60, 67] . The linear form of integrated pseudo second order kinetic equation is given as:
t/q t = t/q eq + 1/K 2 (q eq ) 2
Equation 11
Where, K 2 (g/mg.min) is the pseudo second order model rate constant. The values of K 2 and q eq were calculated by plotting of t/q t against t. 
The rate limiting steps
The rate limiting step for the batch ion-exchange system under homogenous mixing could be one of these steps: film diffusion, intra-particle diffusion, ion-exchange reaction or could be mix of these steps. The Weber and Morris intra-particle diffusion model is used when the rate limiting step is a combination of film diffusion and intra-particle mechanisms [68, 69] :
Where K i (mg/g.min 1/2 ) is the rate constant of intra-particle diffusion and C is a constant (mg/g) related to the thickness of the boundary layer. The large value of C means more contribution of boundary layer in the rate controlling step [38, 63] . The values of K i and C were calculated by plotting of q t against t 1/2 , see Figure 14 .
In addition, it was assumed that the rate of ion exchange is controlled by the chemical exchange if there is a linear relationship between log (1-q t /q ∞ ) and time ( Figure 15 ). q ∞ (mg/g) is the ion-exchange capacity at equilibrium i.e. q eq (see Figure 15 ) [60, 70, 71] .
The calculated values of K i and C are shown in Table 9 . The plots of q t against t 1/2 for ion-exchange of Mn 2+ ion show nonlinear relation contains more than one linear zone with large values of C. The obtained results refer to that the rate determining step of the ionexchange reaction is limited by boundary layer diffusion (which represents the first linear stage of the linear correlation) and the intra-particle diffusion (which represents the second linear stage of the linear correlation). C value of pure zeolite X was larger than this for the composites, since it was significantly reduced when composites were used for ion-exchange process. The value of the rate constant of intra-particle diffusion (K i ) considerably increased when composites were applied for Mn 2+ ion removal. The reason behind this result is that thickness of the external liquid film or the boundary layer decreased when the ion-exchange materials were prepared in form of composite using meso/macroporous supports and the diffusion of ions to the active sites becomes rapid (high K i values of composites) which means that the length of diffusion path was reduced.
Moreover, the plots of log (1 -q t /q eq ) against t show a linear relation and high values of R 2 (0.9681-0.9996). These results refer to that the significant rate determining step is the ion-exchange reaction over zeolite active sites. Thus, the overall ion-exchange rate is controlled by a combination of the ion-exchange reaction of Mn 2+ ion, the boundary layer diffusion and the intra-particle diffusion, but the utilization of composites in the ion-exchange process makes the effect of the last two steps less effective on the overall rate of ionexchange process.
Figure 14: Intra-particle diffusion plots for ion-exchange of Mn 2+ ion show step 1 referring to the boundary layer diffusion and step 2 referring to the intra-particle diffusion. Figure 16 shows samples of zeolite ion-exchange materials used for manganese removal before and after vitrification process. The powder samples converted to hard glass products with a brown pigment because of a reaction happened between aluminate and manganese ions at elevated temperature. ions releasing to the environment. Also, it diminishes the size of waste sludge. Table 11 shows the weight of ion-exchange materials after vitrification process was significantly reduced. Especially, when zeolite/carbon composite was vitrified, its weight becomes significantly smaller than pure zeolite and zeolite/diatomite composite. This is because the carbon involved in the composites turns to CO 2 . Thus, it can be said that zeolite/carbon composites enhance the mass transfer and the ion-exchange performance, reduce the weight of zeolite required for a given process and consequently diminish the waste size when are vitrified. When zeolite/diatomite composites are vitrified, they produce larger volume products than zeolite/carbon composites produce; because diatomite skeleton is formed of silica and it does not convert to gas when it is heated at elevated temperatures. Figure 17 shows samples of spent ion-exchange materials solidified by geopolymers. The concentrations of Mn 2+ ion escaped from the solidified materials are shown in Table 12 .
Geopolymerization
There detected concentrations of manganese ion leached to water and NaCl solution are negligible. But, the concentrations of manganese ion leached from geopolymers to H 2 SO 4 solution were < 5 ppm after six months. Therefore, geopolymerization technique allows less energy used for successful immobilization of the harmful ions in spite of it converts the waste material into larger volume product. 
Conclusion
In the present work, the zeolite X/carbon composite and zeolite X/diatomite composite were successfully prepared by a hydrothermal treatment. Zeolite X layer coating porous supports showed perfect attachment even when the composites were used in the ion-exchange process for Mn 2+ ion removal. All X, XC and XD showed interesting ability for manganese removal.
The performance of ion-exchange materials for ion-exchange process showed the following order: XD > XC > X when the ion-exchange capacity was calculated based on the weight of zeolite present in the composites. Mn 2+ ion removal was affected by initial ion concentration, temperature and pH of manganese solution. A study of thermodynamic parameters displayed that the ion-exchange reaction of Mn 2+ ions is a spontaneous and endothermic. For all ionexchange materials, the Freundlich isotherm model successfully agreed with the experimental data of Mn 2+ ion removal by the ion-exchange process. The kinetic study of the ion-exchange process indicated that the pseudo second order model significantly described the experimental data. The overall ion-exchange process of Mn 2+ ions is determined by a combination of ion-exchange reaction and less of both boundary layer film and intra-particle diffusion. Appling of composites in the ion-exchange process reduced the effect of boundary layer film and intra-particle diffusion on the overall rate of ion-exchange reaction.
Encapsulation of Mn 2+ ion was successfully conducted by vitrification at 1200°C and geopolymerization. Vitrification process resulted in smaller volume solid product than geopolymerization in spite of vitrification requires more energy than required for geopolymerization.
